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The synthesis and use of cyclic alkylene carbonates as reactive intermediates first appeared in 
the literature more than 50 years ago. However, the range of their usefulness in industrial 
applications has only been fully realized in the past decade. In this article, numerous reactive 
applications of the cyclic alkylene carbonates, specifically the five-membered cyclics, are 
discussed. In addition, utilization of the chemistry presented in this review for the preparation 
of industrially useful monomers, polymers, surfactants, plasticizers, cross-linking agents, curing 
agents, and solvents, to name a few, is also discussed. 



n Introduction 

12 Five-membered alkylene carbonates (l,3-dioxolan-2- 

13 ones) of the general structure 

O 

o\> 
R^MrR4 

l 

14 have been the subject of considerable research. In 

15 particular, ethylene carbonate (EC, R1-4 = H) and 

16 propylene carbonate (PC, R1-3 = H, R 4 == CH3) have 

17 been available commercially for over 40 years. 1 For this 

18 reason, much of the following review focuses on research 

19 involving these two materials. Since their commercial- 

20 ization in the mid-1950s, EC and PC have found 

21 numerous applications as both reactive intermediates 

22 and inert solvents. A quick examination of their physical 

23 properties (Table l) 2 is all that is needed to appreciate 

24 why EC and PC are attractive solvent substitutes. In 

25 addition to their biodegradability 3 and high solvency, 4 

26 they have high boiling and flash points, low odor levels 

27 and evaporation rates, 5 and low toxicities. 6 The use of 

28 PC as a solvent in degreasing, 7 paint stripping, 8 and 

29 cleaning 9 applications has risen dramatically in the past 

30 few years. In addition, EC and PC are finding increased 

31 utility as diluents for the epoxy 10 and isocyanate 11 

32 components of 2K resin systems, and they have become 

33 the electrolytes of choice in the production of lithium 

34 ion batteries. 12 PC also finds utility as a carrier solvent 

35 for topically applied medications and cosmetics. 13 Al- 

36 though much can be sa<d concerning the use of these 

37 . nlky> ~k carh-.natps inert-media, their potential as 

38 reactive intermediates is the primary . f>x:us of tills 

39 discussion. 

40 Although a number of methods exist to synthesize 
4t five-membered alkylene carbonates of structure 1, 

42 carbon dioxide insertion into the appropriate oxirane 

43 is the commercial method employed to synthesize the 

44 most common of these, EC, PC, and butylene carbonate 

45 (BC, R1-3 = H, R 4 = C 2 H 5 ). Typically, an alkylammo- 

46 nium halide catalyst such as tetraethylammonium 

47 bromide la - b is employed (Figure 1). The alkylene carbon- 



Table 1. Properties of Ethylene and Propylene 
Carbonate 
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property 


EC 


PC 


boiling point (°C) 


248 


242 


freezing/melting point (°C) 


36.4 


-49 


flash point (°C) 


160 


135 


viscosity (cP, 25°C) 


2.56* 


2.50 


%VOC*(110°C) 


34 


28 



"Supercooled liquid. 6 Volatile organic content. 



N(C 2 Hs) 4 5- 
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N(C 2 H 5 )4 o6 - 



O 
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N(C 2 Hs) 4 

Br R 



x 

O^O + N(C 2 H 5 )4 + Br' 



Figure 1. Synthesis of five-membered alkylene carbonates via 
insertion of C0 2 into oxiranes. R = H. CH3, or C2H5. 



ates produced react with aliphatic and aromatic amines, 48 

alcohols, thiols, and carboxylic acids. Under certain 49 

conditions, they can also undergo ring-opening polym- 50 

erization. It is the intent of the author to discuss each 51 
type of reaction in ik-^Ii, fxzm the :l ...- UL( : i mechanisnr 52 
and conditions required to a brief description "c£ *he .. j 

applications in which each reaction finds utility. In 54 

addition, the synthesis and utility of unique alkylene 55 

carbonate derivatives is also discussed. In this way, a 56 

general overview of alkylene carbonates as reactive 57 

intermediates is intended. Shaikh and co-workers 14 58 

recently published a review of organic carbonates in 59 

which several applications of alkylene carbonates are 60 

discussed in addition to those of linear carbonates. 61 

However, the use of these materials has risen dramati- 62 

cally in the past few years and has grown to encompass 63 

several additional areas of active research. 64 
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B 



B-H 



l,4-bis(2-hydroxyethoxy)benzene, commonly known as 106 
HQEE 16 107 




1- 



C0 2 . + H + 



I- 



C02. + H* 



2a 



2b 
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Figure 2. Reactions with aromatic acUve-hydrogen-containing 
moieties produces a mixture of isomers 2a and 2b. X = O, NH, or 
S. B Indicates to any alkali. 

Reactions with Aromatic Amines, Alcohols, and 
Thiols 

Alkylene carbonates, particularly l,3-dioxolan-2-ones, 
can be used to alkylate active-hydrogen-containing 
aromatics such as phenol and phenolic resins, 15 thiophe- 
nols, 16 aniline, 17 and the like in the presence of alkali 
catalysts. The general reaction scheme is illustrated in 
Figure 2. Note that X can be O, NH, or S. Nucleophilic 
srffack at either alkylene carbon is followed by loss of 
carbon dioxide to obtain 2a and 2b in a 50/50 ±10 ratio 
of isomers for R = CH 3 . The list of catalysts useful in 
this reaction is quite long and includes phosphines 16 and 
phosphonium halides, 165 alkali metals, 15b tertiary 
amines, 18 alkali metal halides, 15a hydroxides, 156 carbon- 
ates, 163 and alkoxides. 15b Typically, temperatures in the 
range 100— 150 °C are required for alkylation of amines 
and thiols, whereas higher temperatures in the range 
of 150-200 °C are required for alkylation of alcohols. 
In such reactions, the alkylene carbonate order of 
reactivity is R=H > R=CH 3 > R=C 2 H 5 . 

It is well-known that the products shown in Figure 2 
can be obtained more directly by reaction with oxiranes 
such as ethylene oxide (EO) and propylene oxide (PO). 
The oxiranes are less expensive than their correspond- 
ing alkylene carbonates, especially considering that 44 
g/mol of carbonate is lost in the form ?! CO;>« and that 
alkylation proceeds at lower temperatures. However, ... 

I alkylene carbonates offer significant advantages over 
oxiranes in this application. The alkylene carbonates 
are farje ss hazardous materials, requiring fewer safety 
^l^tocols^njioratlon, alkylation en^plo^^gjn^aDgdene_^ 
carbona te does7j oTreauire~tjgfog equipment 



often necessary when working with thThigniy volatile 
oxiranes. Most notably, however, is that alkylation 
employing alklyene carbonates does not require the use 
of solvent. In most cases, the carbonate acts both as 
l reactant and as solvent. This last advantage is key in 
\the alkylation of aromatic substances that have high 
melting points or are otherwise difficult to handle. 

An illustrative example of alkylation is the reaction 
of hydroquinone (1 mol) with EC (2 mol) to synthesize 



HO^°-O h0 ^OH 

HQEE is a useful spacer in the synthesis of chemically 
and thermally stable, high-strength polyurethanes that 
find application in skateboard wheels and tractor tires. 19 
Hydroquinone (mp = 172—175 °C) forms a homogeneous 
liquid with EC when heated to approximately 100 °C. 
Continued heating to 160 °C gives alkylation and CO2 
evolution, which can be monitored either visually or 
using a CO2 analyzer to determine reaction rate and 
time required. The product, an off-white solid with a 
melting point of 100-102 °C, can be flaked or handled 
in the molten state without the added cost of solvent 
removal. In addition, the alkylene carbonate method is 
much more selective with respect to the molecular 
weight distribution of the product obtained. Whereas 
several moles of EO or PO will react at each site, 
producing the following material 20 



HO^°)€^f 0 ^ 



OH 
m 



in which n + m = 0-4, EC and PC react at each site 
only once. The result is a product that does not contain 
ether linkages, a benefit when chemical and thermal 
stability is desired in the final application. Other 
examples ofalkylation via reaction with alkylene car- 
bonates include the reaction of EC and PC with cardanol 
(a product derived from cashew nut oil) to produce 
useful plasticizers 21 and with resorcinol to produce a 
lower-melting alternative to the polyurethane spacer 
HQEE. 22 The latter reference features the reaction of 
resorcinol with EC/PC blends to create a mixture of 
alkylation products. 

An illustrative example of Af-alkylation is the reaction 
of cyanuric acid (1 mol) with EC (3 mol) to form 1,3,5- 
tris(2-hydroxyethyl)isocyanurate (THEIC) 18 

HO^ N i N ^OH 
OH 

As with hydroquinone, cyanuric acid (mp > 360 °C) 
forms a.homogeneous solution with EC at temperatures 
well below that required for alkylation to proceed. The 
product, an off-white solid with a melting point of 136- 
140 °C, can be prepared without the need for solvent. 
THEIC is a cross-linking agent employed in the prepa- 
ration of polyester resins. Resins prepared from this 
material exhibit the corrosion resistance necessary to 
coat electrical cables that are laid along the ocean floor. 
The presence of ether linkages typical of the EO 
alkylation product would adversely affect the perfor- 
mance of the final product. 

/Reactions with Carboxylic Acids 

/ Five-membered alkylene carbonates react with car- 
/ boxylic acids in much the same way as with aromatic 
/ active-hydrogen-containing moieties. 23 Similar catalysts 
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O 

A + B 

R, OH 



S ♦ B-H H 



R O 



Table 2. Modification of SAPs with Alkylene Carbonates 
to Improve AAP Performance 




rA"Y oh r/o^Y°Y Ri + H2 ° 

R R O 

3 4 

Figure 3. Reactions with carboxylic acids produce a mixture of 
hydroxyalkyl esters 3 and dlesters 4. Note that only one of two 
possible isomers of 3 is shown. 

155 Ajfr and reaction temperatures are required. The reaction 

156 yl is classified as an alkylation/esterification that involves 

157 '|| nucleophilic attack at either alkylene carbon (Figure 3). 

158 ' However, a mixture of products 3 and 4 is produced in 

159 addition to two isomers of 3 should R ^ H. An example 

160 is the reaction of benzoic acid with EC. Apicella and co- 

161 workers employed a 260% excess of EC to obtain 3 as 

162 the predominant product. 235 However, Yoshino et ai 

163 found that a mere 10% excess could be effective using a 

164 triethylammonium iodide catalyst in combination with 

165 a shorter reaction time. In this manner, reacting EC 

166 with benzoic acid at 140-145 °C for 0.7 h resulted in 

167 an 86.5% yield of 3. 23a Although this selectivity repre- 

168 sents a drawback to the pure synthetic chemist, it has 

169 been exploited to synthesize prepolymers. 24 Researchers 
no at Reichhold reacted EC and PC with multifunctional 

171 carboxylic acids such as terephthalic acid to synthesize 

172 I polyester oligomers. These hydroxy-functional oligomers 

173 I were then reacted with simple diols and unsaturated 

174 anhydrides to give unsaturated polyesters useful in 

175 composites for the aerospace industry. 

176 In addition to prepolymer synthesis, the above chem- 

1 77 is try also finds use in polymer modification. EC has been 

178 reacted with poly (ethylene terephthalate) (PET) poly- 

179 esters in an effort to reduce the acid number of the 
lap material. PET polyesters are excellent materials for 
1st industrial conveyor belte that operate under 'heavy loads 

182 and at high speeds. However, degratiauoii of ths poly- 

183 mer can occur over time, resulting in reduced tensile 

184 strength and even visible cracking. Researchers at 

185 Allied discovered that a more chemically resistant 

186 material could be obtained simply by reacting the 

187 polymer with EC, thereby reducing the number of 

188 carboxylic acid end groups at which degradation typi- 

189 cally occurs. 25 The modification procedure follows the 

190 polycondensation of dimethyl terephthalate or tereph- 

191 thalic acid with ethylene glycol and involves the addition 

192 of an alkali metal salt such as potassium iodide. 

193 Typically, 0.5-1.0 wt % EC is added and allowed to 

194 react at 280 °C for 5-15 min. The result is a material 

195 with an acid number of <3 (mg of KOH/g) as compared 

196 to approximately 20 for the untreated polymer. Cape 



carbonate 


time at 


FSC 


AAP 


employed 


215 °C 


<g/g) 


(g/g) 






39 


11 


EC 


15 


37 


30 


PC 


20 


37 


31 


PC 


30 


36 


33 


BC 


20 


37 


30 



Industries has employed PC in a similar application. 197 
In this case, the low-acid-number PET material reacts 198 
much more quickly with isocyanates to produce poly- 199 
urethane foams. 26 The foams produced exhibit the 200 
improved surface adhesion necessary for the production 201 
of laminate foam hna^H 202- 
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Yet another useful example of polymer modification 
by reaction with five-membered alkylene carbonates 
takes advantage of the diester product 4 as a cross-link 
site. Lightly cross-linked sodium polyacrylate is a hy- 
drophilic material that absorbs many times its weight 
in water yet does not dissolve. This property makes the 
material useful as a superabsorbing media for sanitary 
articles such as diapers and feminine hygiene prod- 
ucts 27 However, the liquid-filled material is easily 
deformed by an external pressure such as the sitting 
action of a child, resulting in unwanted discharge of the 
absorbed liquid. Traditionally, researchers have modi- 
r fied superabsorbent polymers (SAPs) of this type by 
further reacting them with simple, nontoxic diols or 
triols such as propylene glycol or glycerine. 28 However 
researchers at Stockhausen have found that alkyl< 
carbonates can also be used in this application. 29 

^Itt 2 slTOWS I ht»-pM^nrmanrf> nf a typical Slip* 1 

sorbing polymer (SAP) before and after modification 221 

with EC, PC, and BC. 29 In each case, alkylene carbon- 222 

ate, water, and ethanol (2.0 g each) were mixed with 223 

100 g of the polymer to be modified. The mixture was 224 

then placed in an oven preheated to 215 °C and allowed 225 

to react for 15—30 min. The performace of the resulting 226 

powder was quantified by the following tests: (1) free 227 

swell capacity ( FSC). the amount of saline solution (0.9% 228 

Ra^irr^t ajned-by -the polymer upon im mersion in said 229 

Urm1d1bT30 min; (2) absorbency agaimfpr^s ure4AAP). 230 

the amounrot saline solution retained by the polymer 231 

upon immersion in said liquid for 1 h while under a 232 

weight exerting a force of 20 g/cm 2 . 30 In both tests, the 233 

results were given in units of grams of liquid absorbed 234 

per gram of polymer. Note that, before modification, the 235 

AAP of the polymer was significantly lower than the 236 

FSC, indicating that the force of the weight squeezed 237 

out much of the absorbed liquid. However, after modi- 238 

fication, the AAP was nearly equal to the r SC, in<5cat 239 

ing that the alkylene carbonate had reacted to create a <:w 

igh density of diester cross-links on the surface of the 24 1 

fpowder. These cross-links act as a hard shell, reducing 242 

the tendency of the liquid -swollen material to deform 243 

under an applied weight. 244 

^Reactions with Aliphatic Alcohols and the 245 
Synthesis of Polycarbonates 246 

Five-membered alkylene carbonates react with ali- 247 

phatic alcohols differently than with their aromatic 248 

analogues. Whereas EC reacts with phenol to yield 249 

2-phenoxyethanol via alkylation and loss of carbon 250 

dioxide, 15-17 EC reacts with methanol via the general- 251 

ized transesterification route shown in Figure 4a. The 252 
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Figure 4. Reactions with aliphatic hydroxyls give dialkyl carbonates, 6, whereas reactions with aliphatic diols give other cyclic carbonates, 
8, and/or polycarbonates, 9. Note that there are two possible structural Isomers of species 5. 
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Figure 5. Process diagram for the production of DMC from EC 
and methanol. 

253 resulting mixture, which contains unreacted EC and 

254 methanol in addition to dimethyl carbonate PMC) and 

255 byproduct ethylene glycol (EG), is purified by means of 

256 the process diagram shown in Figure 5. 31 In this process, 

257 the reactants are continually fed (5: 1 methanol/EC mole 

258 ratio) through a catalyst bed consisting of a weakly basic 

259 solid support catalyst such as triphenylphosphine on 

260 poly(styrene-co-divinylbenzene) at a temperature of 125 

261 °C and a pressure of 100 psig (reactor unit A) The 

262 resulting mixture, containing ~20% (by weight) DMC 

263 is then distilled at atmospheric pressure to remove DMC 

264 and methanol as an azeotropic mixture (reactor unit B). 

265 Methanol is then removed by distillation at 1 50 psig and 
265 recycled (reactor G). Tjy* pitrj fjegrD MG" iz a useful 

267 reactivejntenwediafeTrTthe synthesis ofpoiytarUn ;a- >-.'■ 

268 diolsr^^ 

269 Five-membered alkylene carbonates can also be re- 

270 a :ted with diols to form other alkylene carbonates or 

271 polycarbonates, as shown in Figure 4b. In this regard, 

272 alkylene carbonates can bemused Jn4ieu-of^orgj xadi- 

273 tioWl reactante-su<^^as^dialkyl carbonates or phos- 

274 gene^Hn~sT[cn a process, the yield of alkylene carbonate 

275 produced is dependent on the boiling point difference 

276 between the reactant and byproduct diols. Researchers 

277 at Huntsman have reacted several 1,3-diols with 15% 

278 excess EC in the presence of titanium (IV) isopropoxide 

279 at 120-150 °C and 15-30 mmHg to prepare six- 

280 membered alkylene carbonates (l,3-dioxan-2-ones). 33 

281 The results are shown in Table 3. In each case, the 



Table 3. Reactions of EC with Various l,3-Diols a 



X 



oj, . 



R 3 R4 



R3 *4 



Ri 




R3 


R4 


Rs 


Re 


bp 

rc) 


yield 
(%) 


CH 3 


CH 3 


H 


H 


CH3 


H 


197 


39.8 


CH(CH 3 ) 2 


H 


CH 3 


CH3 


H 


H 


232 


59.6 


CH 3 


H 


H 


H 


H 


H 


203 


35.1 


H 


H 


C2H5 


C4H9 


H 


H 


262 


59.6 


C 3 H 7 


H 


C2H5 


H 


H 


H 


244 


76.2 



» Note that reaction yield Is relaUve to the amount of 1 ,3-diol 
used. 

resulting six-membered alkylene carbonate (^99% pu- 282 

rity) was obtained by short-path distillation at temper- 283 

atures in the range of 150-200 °C at 1-2 mmHg. In 284 

certain cases, a mixture of cyclic carbonate and polymer 285 

was obtained. However, distillation conditions were 286 

sufficient to convert any polymer to the analogous cyclic 287 

carbonate such that only catalyst residue remained 288 

undistilled. Slight decomposition of polymer or cyclic 289 

carbonate to carbon dioxide during distillation was not 290 

taken into account. For instances in which the boiling 291 

point difference between the 1,3-diol reactant and the 292 

byproduct EG (bp = 197 °C) was small, yields of cyclic 293 

carbonate were low. This is because considerable amounts 294 
of 1,3-diol were removed from of the system along with 

the EG distillate. 296 ' 

Transesterification of 1,2-diols by reaction with car- 297 

bonates, cyclic or linear, gives five-membered alkylene 298 

carbonates almost exclusively. A well-known example 299 

is the reaction of dimethyl carbonate (DMC) with 300 

propylene glycol to yield PC. 34 In contrast, transesteri- 301 

fixation of l,X-diols, where X > 4, by reaction with 302 

carbonates produces polycarbonates almost exclusively. 303 

Only when more reactive sources of carbonate are 304 

employed, such as phosgene, are seven- and higher- 305 

membered cyclic carbonates obtained in appreciable 306 

yield. For instance, Matsuo et al. reacted phosgene 307 

trimer with 1,4-butanediol at 45-50 °C and in the 308 

presence of chloroform solvent to obtain the seven- 309 

membered cyclic carbonate l,3-dioxepan-2-one in 30% 310 
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311 yield (70% yield of polycarbonate). 35 In contrast, when 

312 they employed DEC in lieu of phosgene, a mere 2.7% 

313 yield of cyclic carbonate was obtained. Interestingly, 

314 further analysis of the DEC reaction product revealed 

315 that the cyclic carbonate was not the intended seven- 

316 membered ring, but the 14-membered dicarbonate ring 

317 shown below 

jr{ c 4o 
o=< n >=o 

318 in which n = 4. 35 Similar results were obtained by 

319 Kricheldorf and co-workers upon reaction of DEC with 

320 1,1 0-decanediol. Partial depolymerization of the product 

321 at 200-310°C followed by short-path distillation af- 

322 forded the product cyclobis(decamethylene carbonate) 

323 in 9.2% yield. 36 

324 m T~ Given the above findings, it is not surprising that 

325 I transesterifcation of 1,3-diols by reaction with carbon- 

326 J ates, cyclic or linear, yields a mixture of cyclic carbonate 

327 J monomer and polymer. Although a polycondensation 

328 I mechanism is at work, ring-opening po lymerization of 

329 / - 4he cyclic monomer ~is""alsb ukgly &iven the reaction 

330 J ^c onditions and catalysts often employed. Therefore, if 

331 J is necessary to investigat e^JiiQ^^^poniQg ^lymeri- 

332 / zation behavior of theintended cyclic carbonate to 

333 / explain the above observations. Keul and co-workers 37 
334 1 have found that the thermodynamics of alkylene car- 

335 * bonate polymerization is analogous to that of lactones 

336 in that, because of increased ring strain, six- and higher- 

337 membered alkylene carbonates tend to polymerize much 

338 more readily than five-membered alkylene carbonates. 

339 This finding is consistent with that of other researchers, 

340 who have found that the analogous polymerization of 

341 five-membered alkylene carbonates such as EC and PC 

342 is often slow and plagued by side reactions that intro- 

343 duce ether linkages into the material. 38 This topic will 

344 be covered in more detail in a later section. In contrast, 

345 six-membered alkylene carbonates can be homopoly- 

346 merized quite easily with few, if any, ether linkages by 

347 either anionic, 39 cationic, 39 * 40 or complexation-type 41 

348 means. 

349 In addition to ring size, the degree to which polymer 

350 is formed in the transesterifkation of l,X-diols by 

351 reaction with alkylene carbonates also depends on the 

352 number and nature of substituents found on the cyclic 

353 carbonate product. This is most evident with regard to 

354 the synthesis of six-membered alkylene carbonates. The 
353 results of Matsuo and co-workers support this observa- 

,255 . tion. 42 In' their study, six-membered alkylene carbonates 

b j , : were synthesized from ethyl chloroformate with varying 

358 substituents at the 5-position. Each was polymerized 

359 in THF via potassium te/t-butoxide initiator at 0 °C. 

360 After 1 h, the reaction was terminated by addition of a 

361 methanol/phosphoric acid mixture and the percent 

362 monomer conversion was determined by l H NMR spec- 

363 troscopy. The percent monomer conversion was found 

364 to decrease with increasing size of the substituents at 

365 R 3 and R 4 . For R 3 = R4 = CH 3 , for example, a 96% 

366 , . conversion was observed. For R3 = R4 = CeH6, only a 

367 S a 32% conversion of monomer was observed. 

368 1 1! On the basis of the above results, particular 1 ,3-diols 

369 j can be chosen to give polycarbonates or six-membered 

370 < alkylene carbonate monomers almost exclusively. If only 

371 ^ lightly substituted six-membered alkylene carbonates 



E 

such as that for which Ri = CH3 and R2-6 = H 372 
(5 -methyl- l,3-dioxan-2 -one) are desired, one must de- 373 
polymerize the resulting polycarbonate in the manner 374 

detailed by Kricheldorf et al. 36 with the exception that 375 

most polycarbonates synthesized from 1,3-diols unzip 376 

to give the cyclic monomer under milder conditions 377 

(150-200 °C). Unlike other classes of polymers, many 378 

polycarbonates prepared from 1,3-diols can be unzipped 379 

quite easily and selectively, giving the cyclic monomer 380 

in high yields. 323 - 43 The result is a cyclic carbonate 38 1 

monomer that can be repolymerized via anionic polym- 382 

erization or other ring-opening technique to give a well- 383 

defined material whose molecular weight can be con- 384 

trolled quite well. Because the polymers produced in the 385 

manner illustrated in Figure 4b typically have molec- 386 

ular weights in the range of 1000-2500, 44 the monomer 387 

must be recovered and repolymerized by means of a 388 

ring-opening technique if higher molecular weights are 389 

desired. A considerable amount of information concern- 390 

png the synthesis of cyclic five- and six-membered 391 

alkylene carbonates and the ring-opening polymeriza- 392 

tion of such species to yield polycarbonates can be found 393 

in a recent review by Rokicki. 45 394 

Because they are hydroxyl-terminated, polycarbon- 395 

ates produced by the transesterification of diols by 396 

^reaction with alkylene carbonates find employment as 397 

spacers in the synthesis of polyurethanes. 325 46 Although 398 

polycarbonates prepared from unsubstituted diols (Ri- 6 399 

= H) can be problematic because of poor solubility and 400 

comp atibility wi thsolvenrs and curing agents, this 401 

^pJoDlem can beoveTco mc by int r oducin g alkyt^and 402 

hydroxyl-containing substituents wherein at least 01m 403 
of R1-6 is alkyl, hydroxyl, or hydroxyalkyl. 47 The resultA 404 

ant materials boast high tensile strength, flexibility, and U05 

chemical resistance. They find utility in the manufac- W 

Jure of paints, coatings, and adhesives. S407 

Reactions with Aliphatic Amines 408 

As with hydroxy-functional materials, five-membered 409 

alkylene carbonates react very differently with aliphatic 4 to 

amines than with their aromatic analogues. They 411 

undergo attack at the carbonyl carbon atom followed 412 

by ring-opening to give a urethane (carbamate) product, 413 

11 (Figure 6b). 48 Note that only one of two possible 414 

isomers of 1 1 is shown. Unlike linear carbonates (Figure 4 15 

6a), 49 the reaction of alkylene carbonates with amines 416 

yields a hydroxy-functional species useful as a reactive 4 17 

intermediate. Although similar products can be obtained 4 18 

via the reaction of diols with urea, 50 such reactions 4 19 

generally require higher temperatures (120-170 °C) 420 

and evolve ammonia as a byproduct. In addition, if 421 

hydroxyalkylurethanes are desired, care must be taken 422 

tc prevent ring closure,' which yields an alkylene car- 122 

bonate ana second mole of ammonia byproduct. 424 

Unlike reactions that occur in the presence of ali- 425 

phatic alcohols, the hydroxyalkylurethane species pro- 426 

duced does not usually undergo further reaction with a 427 

second mole of amine to produce a urea or imidazolidi- 428 

none, except at temperatures > 150 °C (Figure 6c). 51 429 

For R2 = H, cyclization of 1 1 yields an oxazolidinone, 430 

12, with loss of water. Reaction with a second mole of 431 

amine gives a hydroxyalkylurea (not shown), which also 432 

undergoes cyclization with loss of water to yield the 433 

imidazolidinone or cyclic urea, 13. Note that this reac- 434 

tion occurs in the absence of catalyst. Should a low- 435 

boiling amine such as methylamine be employed, high 436 

pressure is required to keep the reaction mixture 437 

condensed at the necessary temperatures. 438 
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Figure 6. (a) Reaction of linear carbonates (DEC shown) with 
amines gives urethanes, 10. (b) Reaction of alkylene carbonates 
with aliphatic amines gives hydroxy lalkyl urethanes, 11. (c) Heat- 
ing 11, where R2 = H. in the absence of excess amine results in 
cycllzatlon and loss of water to give oxazolidinones, 12, whereas 
heating in the presence of excess amine ultimately yields imlda- 
zolidinones, 13. 



(a) 





(b) 

m 14 + R^OCHa) - 



°Y NH o 
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Figure 7. Synthesis of polyurethane resin for automotive coat- 
ings, (a) Reaction of HPC with isocyanate-functlonal polymers, (b) y 
Reaction of carbamate- functional polymer, 14, with cross-linking 
agent to give cross-linked polymer 15. 

439 Five-membered alkylene carbonates will react with 

440 primary and some secondary amines at room temper- 

441 ature. Although most reactions can be accomplished 

442 without the aid of a catalyst, alkali materials can be 

443 employed to increase the reaction rate. 52 The reaction 

444 is accompanied by an exotherm that must be controlled 

445 by monitoring the addition rate of one component into 

446 the other. 53 . An. example is the reaction of PC with 

447 ammonia to generate hydroxypropyicarbarnate (HPC) 48a 

H 2 N Y 0^i OH 



448 as a 50/50 ±10% mixture of isomers (only one of which 

449 is shown). This material has found use in the automo- 

450 tive coatings industry in methods for preparing novel 

451 polyurethane resins. 54 For instance, researchers at 

452 BASF have investigated reactions of HPC with isocy- 

453 anate-functional polyacrylates to prepare carbamate- 

454 functional polymers as illustrated in Figure 7a. 54d The 

455 resulting products of general structure 14 were then 

456 mixed with a cross-linking agent bearing methoxy 

457 substituents such as hexamethoxymethyl melamine (n 



R 

HC^Y Y N V H V 0 ^ 0 " * HOR 2 OH 
R O O 
16 
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Figure 8. Reaction of a bis (hydroxyalkyl)ure thane, 16, with a 
polyol to produce a polyurethane. 

= 6) during spray application to a surface. Subsequent 
baking or curing of the mixture gave ure thane-cross- 
linked coatings, 15 (Figure 7b), in which m = 3-4. 
Although similar coatings can be obtained simply by 
mixing a polyisocyanate with a polyol in a spray 
applicator, the polyisocyanate fumes generated under 
such conditions can be dangerous and difficult to 
contain. In the above example, however, the isocyanate 
has been converted to the much less hazardous material 
14 under controlled laboratory conditions prior to ap- 
plication, eliminating the dangers previously associated 
with this industry. The resulting coating exhibits excel- 
lent resistance to environmental etch (acid rain), scratch 
and mar, salt corrosion, and hydrolysis, 55 all necessary 
of coatings in the automotive industry. 

It is well-known that polymers containing urethane 
linkages in their backbones can be prepared by the 
reaction of a diisocyanate with a polyol. However, it was 
discovered that the toxic diisocyanate used in this 
process could be replaced with the analogous diamine 
with the assistance of alkylene carbonates. Researchers 
at King Industries reacted alkylene carbonates with 
aliphatic diamines to give difunctional hydroxyalkyl 
urethanes of structure 16 



ho'W 



R O 



Ri 



16 



o 



OH 



which act as blocked isocyanates. 56 16 was then reacted 
with a polyester polyol in the presence of a tin trans- 
esteriflcation catalyst at 160 °C to produce the desired 
polyurethane with removal of the byproduct glycol by 
distillation (Figure 8). Thus, a polyurethane was pre- 
pared without the need for isocyanates. 

In addition to polyurethanes, the above technology 
has also been applied to the modification of amino acids 
for the production of biocompatible polymers 57 and 
dispersants for- use in lubricating oils, hydraulic oils, 
and gasoline. For instance, researchers at Chevron have 
capped pol/isobutylene with maleic anhydride followed 
by reaction with ethylene amines such as triethylene 
tetraamine (TETA) to form polyalkylene succinimides. 
They have found that reaction of EC with the resulting 
secondary and primary amines yields hydroxyalkylure- 
thane adducts with superior dispersant characteristics 
(Figure 9). 58 These adducts are useful in reducing engine 
deposits such as sludge and ash resulting from incom- 
plete combustion. Modification via ethylene carbonate 
also improves the compatibility of the polyalkylene 
succinimide dispersant with other components of the 
formulation. 

Alkylene carbonates can also be reacted with amines 
that contain hydroxyl groups to give added functionality 
to the urethane product. However, reactions with 0-hy- 
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Figure 9. Modification of polyalkylenesuccinimide dispersants 
by reaction with EC, n = 3-5, m = 1, 2. Ri = polyisobutylene 
backbone. 



droxyalkylamines such as ethanolamine are often ac- 
companied by cyclization and loss of glycol to give 
oxazolidinones under mild heating (Figure 10). 59 Oxa- 
zolidin-2-one (Ri = H) in particular can also be prepared 
by the reaction of EC with urea. 60 Such materials and 
their derivatives find use as medicinal actives for the 
treatment of bacterial infections, arthritis, and toxicity 
caused by chemotherapy. 61 

Although the bulk of this section, and indeed most of 
this review, has focused on the reactive applications of 
five-membered alkylene carbonates, EC and PC in 
particular, it should be noted that six-membered cyclic 
carbonates (l,3-dioxan-2-ones) can also be reacted with 
aliphatic amines. 62 Tomita et al. have reacted allyl- 
functional five- and six-membered alkylene carbonates 
with /7-hexylamine and benzylamine in the absence of 
catalyst at various temperatures to compare their 
reactivities. 623 By monitoring the carbonate conversion 
by X H NMR spectroscopy and assuming second-order 
kinetics, they determined that the rate constant ratio, 
k = kjkz, where ki and k 2 are the rate constants for 
the reaction of six- and five-membered alkylene carbon- 
ates, respectively, is 28—60 depending on the reaction 
temperature and amine employed. Thus, the 1,3-dioxan- 
2 -ones react much more quickly with amines than do 
the corresponding l,3-dioxolan-2-ones, reaching comple- 
tion in shorter times and at lower temperatures. Should 
such materials become available commercially, they 
might even be viable in spray coating applications for 
large surfaces, such as airport terminal flooring, which 
jpustxus e - quickly and at - a mhiejirteinperatures. 




Ring-Opening Polymerization of Alkylene 
Carbonates 



i stated earlier, five-membered alkylene carbonates 
•undergo ring^pening polymerization with difficulty. 
GzgPi. and co-workers were among the first researchers 
to report this behavior. 38 In fact, the ceiling tempera- 
ture, tc, for the process is quite low. For instance, a tc of 
only 25 °C was reported for the ring-opening polymer- 
ization of EC. 63 Nevertheless, EC and other 1,3-diox- 
olan-2-ones have been polymerized at temperatures 
exceeding 100 °C. To understand this apparent incon- 
sistency, it must be noted that polymerization involves 
loss of carbon dioxide such that the polymer produced 
contains both carbonate and ether linkages. 

It has recently been proposed that the anionic ring- 
opening polymerization of EC takes place according to 
the mechanism illustrated in Figure 1 1 . 63 - 66 Following 
initiation (Figure 11a), the propagating chain can add 
EC via attack at the carbonyl (Figure 1 lb) or alkylene 
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Figure 10. /3-Hy droxyalkylamines often undergo cyclization to 
oxazolidinones, 12, prior to reaction with alkylene carbonates. 
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Figure 11. (a) EC ring-opening initiated by an anionic species. 

(b) PropagaUon via carbonyl attack, yielding a carbonate linkage. 

(c) Propagation via alkylene attack, yielding an ether linkage and 
loss of carbon dioxide. 

(Figure 11c) carbon, resulting in the production of a 558 

carbonate or ether linkage, respectively. Assuming that 559 

AS of decarboxylation is positive, 63 polymerization of 560 

I, 3-dioxolan-2-ones at temperatures above tc for tradi- 561 
tional ring-opening does not violate thermodynamic 562 
principles. However, data generated by Vogdanis et al. 64 563 
reveal that the polymerization process is somewhat 564 
different from that illustrated in Figure 1 1 . Recognizing 565 
that the entropy of ring-opening polymerization, ASp, 566 
is positive and using the well-known relation 567 

AG p = AH p - TAS p 

it can be said that, for the process to occur spontane- 568 

ously {AG P < 0), the enthalpy of ring-opening polymer- 569 

ization, AH P , must be negative. This was not found to 570 

oe the-rsass. -as. AH P values of 124.6, 125.6, and 112.5 S7i 

kj/mol wei'eiiffcctfi.red for the ring-opening polymeri- 572 

zation of EC, resulting in pure poly (ethylene carbonate), 573 

at temperatures of -73, 25, and 170 °C, respectively. 574 

Thus, the reaction scheme illustrated in Figure 1 lb is 575 

not possible according to thermodynamic principles. 576 

Alternatively, Vogdanis and co-workers 65 proposed 577 

that the carboxylate ion produced via the scheme 578 

illustrated in Figure 1 lc can add an additional molecule 579 

of EC as well as undergo decarboxylation. Note that this 580 

is very different from the mechanism given in Figure 581 

II, for which Lee and co-workers 63 claim that the 582 
alkylate ion generated as a result of decarboxylation, 583 
rather than the carboxylate ion, is the active chain- 584 
propagating species. For the thermodynamic reasons 585 
discussed above, Vogdanis and co-workers state that 586 
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Figure. 12. (a) Reaction of carboxylate ion with the hydroxy 
terminus of another polymer chain, (b) Mechanism proposed by 
Lee et al. 63 for stage two polymer degradation. 



587 only one carbonate linkage can be formed in the 

588 aforementioned manner before decarboxylation and 

589 subsequent ether linkage formation. Thus, the fraction 

590 of carbonate linkages in the polymer relative to ether 

591 linkages cannot exceed 50%. It should also be noted that 

592 evidence suggests that the carboxylate ion shown in 

593 Figure 11c can react with the hydroxy terminus of 

594 another polymer chain, connecting two chains through 

595 a carbonate linkage (Figure 12a). 66 At this time, it 

596 should be reiterated that, if polymerization is initiated 

597 by an aromatic species such as the phenolate ion 67 then 

598 initiation involves C0 2 loss exclusively, in keeping with 

599 the method of alkylene carbonate alkylation discussed 

600 earlier (Figure 2). 

601 Interestingly, Lee and co-workers have studied the 

602 polymerization of EC initiated by KOH at various 

603 temperatures (150-200 °C) and ratios of carbonate to 

604 initiator (1000:1 to 20:1) and discovered that the reac- 

605 tion can be described as a two-stage process. In this 

606 manner, the final polymer obtained is the result of not 

607 only initiation and propagation but also chain cleav- 

608 age. 63 In the first stage, the molecular weight of the 

609 polymer increases with reaction time to a maximum 

610 molecular weight in the range of 1000-9000 depending 
6i i on the carbonate-to-initiator ratio employed. The mate- 

612 rial generally has a carbonate-to-ether linkage ratio of 

613 about 2 (30—32% carbonate), which remains fairly 

614 constant until approximately 90-100% monomer con- 

615 version. In the second stage, the molecular weight and 

616 carbonate content of the material decrease significantly 

617 with continued heating. In addition, the presence of a 
6 is vir-yi moiety can be seen by NMR analysis. To account 

619 for these obi-eryaHoris i hey proposed the chain cleavage 

620 mechanism shown in Figure 12b. 

621 As seen with six-membered cyclic carbonates, polym- 

622 erization of 1 ,3-dioxolan-2-ones is dependent on the 

623 number and size of substituents on the carbonate ring. 

624 Whereas EC and PC can be polymerized to molecular 

625 weights of >50 000, the highly substituted benzo-1,3- 

626 dioxolan-2-one 




627 does not polymerize at all. 68 

628 It is widely recognized that the preferred method of 

629 producing poly(alkylene oxide-coalkylene carbonate)s 



a) 




Figure 13. (a) Proposed mechanism of PF cure acceleration via 
PC hydrolysis, (b) Cross-linking structure detected by Pizzl et al. 77a 
Ri represents the remainder of the PF resin. 



is via the copolymerization of the desired alkylene oxide, 630 

for instance, ethylene oxide (EO), and CO2. Both aca- 63 1 

demic and industrial researchers have studied this type 632 

of reaction in detail. Typically, the reaction is performed 633 

within the temperature range 75-150 °C under pres- 634 

sures of 100-500 psi. Useful initiators for the process 635 

include zinc(II)phenoxides, 69 zinc dicarboxylates, 70 0-di- 636 

iminate zinc complexes, 71 stannate salts, 72 diethylzinc, 73 637 

and triethylaluminum, 73 to name but a few. A more 638 

complete listing is presented in a review by Darensbourg 639 

et al. 74 The resulting materials have found utility as 640 

nonionic surfactants, 72 binders for glass and ceramics, 75 64 1 

and as possible cosolvents for use in supercritical CO2 642 

applications. 76 However, the molecular weight of such 643 

materials is often difficult to control. Although it is 644 

debatable whether polymerization of the five-membered 645 

cyclic carbonates offers better molecular weight control, 646 

such processes do offer a low-pressure alternative to 647 

those not able or willing to employ the pressures 648 

required of alkylene oxide/CC>2 copolymerization. 649 

Unlike the l,3-dioxolan-2-ones, six- and seven-mem- 650 

bered alkylene carbonates polymerize much more rap- 65 1 

idly and selectively. The details of such polymerizations 652 

are described in a previous section. 653 

Alkylene Carbonates as Cure Accelerators 654 

In addition to their utility as chemical interm ediates. 655 

alkylene^ c^bonat t e^ >alstri1n'd use as cure accelerators 656 

of^pttefiotr^rn^Bebyde (PF) 77 and sodium silicate 657 

"(oS) 78 resin systems, which are widely used in founeiry 658 

sand and wood binder applications. Although-the^fiect 659 

- of _? 1ky 1cmf> caFbeftatefr pnrti ni 1 .ii 1y1* r~7>ntnp reaction 660 

of phenol and formaldehyde in the presence of sodium 66 1 

hydroxide has been studied for some time, the exact b62 

mechanism" responsible fercure acceleration is still a. 663 

subject of debate. Unfortunately, a,:i\V/sis of cured PF 664 

resins has been hampered by the fact that such materi- 665 

als contain numerous isomers and are only sparingly 666 

soluble. Tohmura and co-workers 77c claim that propy- 667 

lene carbonate is quickly hydrolyzed to propylene glycol 668 

and sodium hydrogen carbonate (Figure 13b) when 669 

exposed to the conditions required for PF cure. Thus, it 670 

is the sodium hydrogen carbonate byproduct, a cure 67 1 

accelerator in its own right, that is responsible for the 672 

accelerated cure. Although Pizzi et al. agrees that PC 673 

hydrolysis does occur to some extent, they propose 674 

mechanisms is which the cyclic carbonate actively 675 

participates in bridging reactions. 773 On the basis of 13 C 676 

NMR observations, they claim the existence of anhy- 677 

dride bridges (Figure 13b) not found when sodium 678 
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Figure 14. Reaction of GC with an /^functional isocyanate creates 
an /^functional alkylene carbonate, 17. Reaction of 17 with a 
diamine gives a useful poly ure thane resin, 18. Note that 18 can 
be linear {n = 2) or a network (n > 2). 

hydrogen carbonate alone is employed as an accelerant. 7711 
A few observations made by Park and co-workers 77e 
seem to support this idea; however, they concede that 
more conclusive evidence is needed. It might be possible 
that both mechanisms are at work. 

Five-Membered Alkylene Carbonates that 
Include Added Functionality 

No review of this nature would be complete without 
a brief discussion of alkylene carbonate derivatives aside 
from the simple alkyl-substituted cyclics. With this in 
mind, many derivatives of 1 have been developed in 
recent years that contain added functionality, that is, 
1 ,3-dioxolan-2-one derivatives that contain reactive 
groups in addition to the carbonate ring itself. Exam- 
ples include vinyl moieties, esters, ethers, and alco- 
hols. Of these, only glycerol (glycerin) carbonate (GC) 

a. 

is available commercially. The material can be synthe- 
sized by the reaction of glycerin with a carbonate source 
such as phosgene, a dialkyl carbonate, 79 or an alkylene 
carbonate; 80 by reaction of glycerin with urea, 81 carbon 
dioxide* tind dxygen; 82 or by reaction of carbon dioxide 
with glycidoi. Iit.i;L:ir.3 it contains a hydroxy-functional 
substituent, GC can be reacted with anhydrides, 83 acyl 
chlorides, 793 isocyanates, 84 and the like. For instance, 
researchers at Imperial Chemical Industries reacted GC 
with the multifunctional isocyanate polymeric MDI 



NCO 



in the presence of potassium acetate to create a multi- 
functional alkylene carbonate of the general structure 
17, shown in Figure 14a. 843 The reaction of GC with 




Figure 15. Reaction of multifunctional alkylene carbonates with 
IPDA to produce an amlne-functional cross-linking agent, 21. Note 
that only one structural isomer of 21 is shown. 

isocyanates occurs at room temperature or with slight 708 

heating and is generally accompanied by an exotherm 709 

such that the controlled addition of one component into 7io 

the other is desired. By monitoring for the presence of 711 

isocyanate by IR spectroscopy, the necessary reaction 712 

time can easily be determined. 713 

The multifunctional carbonates prepared by means 7u 

of the above process are useful as blow promoters in the 7 15 

preparation of polymeric foams, 84a or they can reacted 716 

with aliphatic diamines to prepare polyure thane resins, 7 17 

18 (Figure 14b). 85 Although specific details concerning 718 

the reaction of alkylene carbonates with amines were 719 

discussed in a previous section, it should again be noted 720 

that a promoter is not required and that a temperature 72 1 

increase, sometimes as much as At = 75 °C, is observed 722 

upon mixing. The components can be mixed in the 723 

presence of a polar solvent such as DMF with stirring 724 

/.until a high viscosity is obtained. Once cured at 50- 725 

p5°C for 12-48 h, the resulting resins can be readily 726 

J cast into films with excellent clarity and tear resistance 727 

I or extruded into fibers having high tensile strengths. 853 728 

Vinyirfu nctional alkylene carbonates, useful jjxJho- 729 

preparation of polymers that contain alkylene carbonate 730 

pendant groups, can also be prepared from GC. Two 731 

examples are the reaction of GC with maleic anhydride 732 

and acrylyl chloride to produce the acrylate-functional 733 

cyclic carbonates 19 and 20, respectively. 833 734 



O 

19 



OH 



O 



20 



Although the transesterification of alkyl esters such as 
dimethyl maleate or methyl acrylate by reaction with 
GC represents an obvious means of obtaining the.above 
materials, dip ^-'mper^turcs requirsci of such processes 
(> 100 °C) result in unwanted pjly.i; ...rization of both the 
reactant and product species, even in the presence of 
well-known radical inhibitors such as 2,6-di-fert-butyl- 
p-cresol. 83a In addition, the synthesis of vinyl-functional 
alkylene carbonates such as 19 and 20 is greatly 
complicated by the fact that such materials cannot be 
purified by distillation and must be stored at temper- 
atures < 0 °C. 86 87 In fact, these and similar species are 
known to undergo polymerization much more readily 
than the analogous underivatized vinyl monomers. 88 

Despite the synthetic challenges, the novel polymers 
prjbduced from the above monomers can be modified for 
u$e in a wide range of applications by reacting the 
ylene carbonate pendant moieties employing any of 
e synthetic techniques described above. For instance, 
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several researchers have documented the reaction of 
alkylene carbonate-containing polymers with amines 
and diamines to produce graft and network poly- 
mers. 87 ' 88 ^* 

Vinyl-functional alkylene carbonates can also be 
prepared from the corresponding epoxides in a manner 
similar to the commercial manufacture of EC and PC 
via CO2 insertion. 1 The most notable example of this 
technology is the synthesis of 4 -vinyl- 1 ,3-dioxolan-2-one 
or vinyl ethylene carbonate (VEC) from 3,4-epoxy-l- 
butene. 



O 

X 



Originally reported by Bissinger and co-workers in 
1947 90 and later by DuPont, 91 much of the latest 
research involving this molecule has been performed by 
Webster and Crain at Eastman. Preliminary studies 
have found that VEC can be copolymerized with readily 
available vinyl monomers useful in the coatings indus- 
try, such as styrene, alkyl acrylates and methacrylates, 
and vinyl esters. 92 With the exception of styrene, the 
authors found that VEC will undergo free-radical solu- 
tion or emulsion copolymerization, although not quan- 
titatively, with all comonomers studied to produce 
polymeric species with a pendant five-membered alky- 
lene carbonate functionality that can be further cross- 
linked by reaction with amines. 93 A more complete 
review of vinyl-functional five-membered alkylene car- 
bonates and their potential in the manufacture of novel 
cross-linkable polymers has been provided by Webster 
and Crain. 94 

Although not yet commercially available, multi-alky- 
lene carbonates can also be prepared from epoxy resins 
via CO2 insertion. 540 ' 95 An example is the insertion of 3 
mol of C0 2 into Heloxy Modifier 84 (Shell), a trifunc- 
tional epoxy-terminated polyoxypropylene based on 
glycerine. The result is the trifunctional alkylene car- 
bonate shown below 



-°<A>t<£o 



whe^c 8. As ;vith other cyclic carbonates, these and 
similar materials cuiibb far '.her reacted with amines 
to yield novel polyurethanes. 95b ~ d The extensive body 
of research performed by Endo and co-workers in this 
area has led to a much greater understanding of the 
chemistry involved, thereby allowing its emergence in 
industry. For example, researchers at Fiber-Cote have 
reacted this material with isophorone diamine (IPDA) 
to prepare the amine-functional adduct shown in Figure 
15a. 54c The reaction takes advantage of the significant 
difference in the reactivity of the aliphatic amine versus 
the cycloaliphatic amine with alkylene carbonates such- 
that only the aliphatic amine participates in reaction. 
The result is an adduct that can be reacted with epoxy 
resins to form useful ure thane coatings without the need 
for isocyanates. 



7 



Future Outlook 806 

The reactive applications of alkylene carbonates is 807 

exhaustive. As new applications continue to be devel- 808 

oped regarding commercially available alkylene carbon- 809 

ates, the demand for carbonate-functional cross-linkable 8 10 

polymers, polycarbonates, and other functional deriva- 811 

tives such as those discussed in previous sections is on 812 

the rise. Large-scale production of these novel sub- 813 

stances such that they can be made available at reason- 8 14 

able costs is the challenge that faces future researchers 815 

in this field. 816 
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Six-membered eyclic thiocarbonate derivatives, 5,5-(bicy- 
clo[2.2. 1 jhept-2-en-5,5-ylidene)-l ,3-dioxane-2-thione (1) and 
5,5-(bicyclo[2.2. 1 ]heptan-5,5-ylidene)-l ,3-dioxane-2-thione (2) 
underwent anionic ring-opening polymerization initiated by 1,8- 
diazabicyclo[5.4.0]-7-undecene (DBU) to afford polythiocarbo- 
nates accompanying 12.3 and 12.6% volume expansion, 
respectively. 



Common vinyl monomers such as styrene and methyl 
methacrylaie undergo polymerization widi volume shrinkage. 1 
Thermosetting resins such as epoxides also show 4-5% volume 
shrinkage during the curing process. The occurrence of the 
volume shrinkage of die monomers and resins induces serious 
problems in their industrial applications for composites, adhe- 
sives, coatings, precision castings, and sealant materials. Cyclic 
carbonates undergo cationic and anionic ring -opening polymer- 
izations accompanying volume expansion, which can be 
accounted for by difference in strength of interrnolecuiar 
dipole-dipole interactions between monomers and polymers. 
For example, a six-membered cyclic carbonate bearing norbor- 
nene moiety undergoes 8.2% volume expansion during anionic 
polymerization. 2 Recently, sulfur-containing polymers are gain- 
ing importance due to their excellent optical and thermal 
properties. 3 In the course of our work, on ring-opening 
polymerization of cyclic carbonates, we have designed a sulfur 
analogue of cyclic carbonate, i.e., cyclic thiocarbonate, which 
exhibits a unique reactivity. Anionic ring-opening poly- 
merization 3 of l,3-oxathian-2-one proceeds via selective ring- 
opening with C-S bond cleavage to afTord the corresponding 
poly thiocarbonate. Cationic ring-opening polymerization 4 of 5,5- 
dimethyl-l,3-dtoxane-2thione proceeds accompanying isomer- 
ization of thiocarbonate group via a living process to afford 
poly thiocarbonate, 5 We also studied cationic ring-opening 
polymerization of novel six-membered cyclic thiocarbonate 
derivatives, 5 ,5-(bicyclo[2.2. 1 Jhept-2-en-5,5-yiidenc)- 1 ,3-diox- 
ane-2- thione (1) and 5,5 (bicyclo[2.2. 1 jheptan -5,5 -ylidene) -1 ,3- 
dioxane-2-Unone (2)/' Unidentified products were obtained from 
the reaction of 1 initiated by uifluoromcthanesulfonie acid 
(TfOH), methyl trifluoromethanesulfonate (TfOMe), boron 
trifluoride ethcrate (BFjOEt^), or iricdvyloxonium tctrafluorobo- 
rate (Et 3 OBF 4 ); however, 1 underwent the cationic ring- opening 
polymerization by using methyl iodide as initiator to afford 
polytbiocarbonate. In this study, for de veloping a new polymer- 
ization system with volume-expansion, we attempt anionic ring- 
opening polymerization of 1 and 2 as shown in Scheme 1. We 
report the thermal properties of the obtained polythiocarbonates 
and the volume change during polymerization to reveal the effect 
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of introduction of a thiocarbonate group instead of a carbonate 
one. 

Anionic ring-opening polymerization 7 of I 6 and 2 fi was 
carried out with 4mol% of 1,8-diazabicyclo[5.4.0]7-undecene 
(DBU) 2 at 120°C as summarized in Table I . The polymerization 
of 1 and 2 proceeded in all cases except run 4, wherein the high 
melting point (215 °C) 6 may inhibited the polymerization of run 4 
in Table 1. The molecular-weight-distributions (A/ w /A/ K ) of die 
obtained polymers were somewhat broad (1.40-1.48). The low 
polymer yields may be due to the chain-trnnsfer reactions such as 
back-biting reaction. The polymer could be isolated by 
precipitation with methanol, and exhibited good solubility in 
common organic solvents such as THF, chloroform, and 
dichloromethane. The structures of the obtained polymers were 
confirmed by NMR and IR spectroscopy . PI and P2 exhibited l3 C 
NMR signals at 154 ppm, which is assignable to carbonyl carbon. 
In addition, an absorption band based on carbonyl group was 
observed at 1 743 cm" * in their IR spectra. These data may suggest 
that the polymerization proceeded accompanying the isomeriza- 
tion of thiocarbonate' group as observed in the anionic 

Table 1. Anionic ring-opening polymerization of 1 and V 



Run 


Monomer 


Time/h Solvent Yield b /% M n c 


M w /M n c 


I 


1 


1 


none 


25 15200 


1.48 


2 


1 


12 


toluene 


38 8800 


1.44 


3 


1 


12 


DMF 


38 8600 


1.47 


4 


2 


1 


none 


no reaction 




5 


2 


12 


toluene 


8 7100 


1.43 


6 


2 


12 


DMF 


22 11800 


1.40 



■Temp. 120 °C, monomer i.OOmmoi, solvent 0.20 mL, 
initiator DBU 0.040 mmol. Calculated from the amounts of 
die monomer and polymer isolated by preparative high 
performance liquid chromatography eluted with chloroform. 
c Estimated by size exclusion chromatography (SEC) eluted 
with THF at 40 °C based on polystyrene standards. 
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polymerization of 1 ,3-dioxane-2thione. s 

Therm a] behavior of the polymers was evaluated by TGA and 
DSC under nitrogen as summarized in Table 2. PI and P2 lost 
their 10% weight at 258 and 261 °C, respectively. The high 
thermal stability of PI and P2 compared to die corresponding 
polycarbonate P3 2 may be attributable to the introduction of 
sulfur into the polymer backbone. 



Table 2. Properties of P1-P3 



Polymer 


Volume change a /% 


7g b /°C 


7rf J0 c /°C 


PI 


+ 12.3 


82 


258 


P2 


-M2.6 


82 


261 


P3 d 


4-8.2 


108 


207 



Calculated by the densities of the monomer and polymer, 
determined by differential scanning calorimetry (DSC). 
c Determined by thermogravimetry (TC). c Data from reference 
2. 




n 



P3 



Densities of the monomers and the obtained polymers were 
evaluated by density gradient tubes at 25 °C The densities of PI 
and 1 were i.14 and 1.30, and those of P2 and 2 were 1.11 and 
1 .27, respectively . These results indicated that the polymerization 
of 1 and 2 proceeded with volume expansion as large as 12.3 and 
12.6%, respectively, due to the difference in strength of 
intermolecular dipole-dipole interactions between monomers 
and die ob tained polymers . 1 

In summary, six-membered cyclic thiocarbonate derivatives, 
5 ,5-(bicyciol2.2. 1 ]hept-2-en-5,5-ylidene)- 1 ,3-dioxane-2-thionc 
(1) and 5,5 (bicyclo[2.2.1]heptan-5,5-ylidene)vl,3-dioxane*2- 
thione (2) underwent anionic ring-opening polymerization to 
afford the polycarbonates accompanying the isomerization of 
thiocarbonate group and remaining norbornene and norbornane 
structures, respectively. The obtained polymer showed good 



solubility and high thermal stability. The monomer showed 
volume expansion during polymerization to lead a new 
polymerization system with volume expansion. 

This article is dedicated to Professor Teniaki Mukaiyarna for 
his 75 th birthday. 
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